Enrichment cultures of phototrophic purple bacteria rapidly oxidized up to 10 mM dimethyl sulfide (DMS) to dimethyl sulfoxide (DMSO). DMSO was qualitatively identified by proton nuclear magnetic resonance. By using a biological assay, DMSO was always quantitatively recovered from the culture media. DMS oxidation was not detected in cultures incubated in the dark, and it was slow in cultures exposed to full daylight. Under optimal conditions, the second-order rate constant for DMS oxidation was 6 day-' mg of protein-1 ml-'. The rate constant was reduced in the presence of high concentration of sulfide (>1 mM), but was not affected by the addition of acetate. DMS was also oxidized to DMSO by a pure strain (tentatively identified as a Thiocystis sp.) isolated from the enrichment cultures. DMS supported growth of the enrichment cultures and of the pure strain by serving as an electron source for photosynthesis. A determination of the amount of protein produced in the cultures and an estimation of the electron balance suggested that the two electrons liberated during the oxidation of DMS to DMSO were quantitatively used to reduce carbon dioxide to biomass. The oxidation of DMS by phototrophic purple bacteria may be an important source of DMSO detected in anaerobic ponds and marshes.
Global mass balances for sulfur indicate that dimethyl sulfide (DMS) is the most important volatile biogenic compound involved in the transfer of sulfur from the ocean (2, 3, 6) , from marshes (15, 25) , and from soils (20) to the atmosphere (4, 16, 21, 36) . Although estimated emission rates vary considerably, the total biogenic sulfur flux to the atmosphere is estimated to be about 100 x 1012 g of S year-' and, therefore, approximately equal to the anthropogenic flux of sulfur dioxide (SO2) (4, 21, 36) . Some 50% of the total biogenic sulfur flux is believed to be due to DMS, while contributions from hydrogen sulfide (H2S), carbonyl sulfide (COS), carbon disulfide (CS2), dimethyl disulfide (DMDS), methylmercaptan (CH3SH), and biogenic SO2 are comparatively minor (4, 25, 36) . It has been calculated that >70% of the DMS evolved to the atmosphere originates from the oceans (4, 25) .
The main source of DMS in the ocean is phytoplankton, which uses the DMS precursor dimethyl propiothetin as an osmoticum (3, 6, 7, 27) . Dimethyl propiothetin is enzymatically cleaved to DMS and acrylic acid (10) . Some grass species such as Spartina alterniflora can also produce dimethyl propiothetin and release DMS (15, 25) . DMS is also liberated from soils and in freshwater lakes during the decomposition of plants (20) , algae (7, 39) , and especially the amino acids methionine and cysteine (17) . One additional source of DMS is the biological reduction of dimethyl sulfoxide (DMSO) (9, 12, 35, 37) , a physiological product (1) and widely used organic solvent.
Interestingly, there is only a limited amount of information on DMS sinks. Once in the atmosphere, DMS has been reported to be photochemically converted to oxidized sulfur species such as DMSO and SO2 (5, 13, 36) . Proposed sinks in the aquatic environment include the anaerobic degradation of DMS to methane (CH4), carbon dioxide (CO2), and H2S * Corresponding author. (19, 38) and aerobic metabolism of DMS to products such as formaldehyde and CH3SH (12, 18, 24) .
In previous reports, we described the spatial and temporal distribution of DMS in coastal Salt Pond (30, 31) and in Great Sippewissett Marsh (15) , both near Woods Hole, Mass. In the summer months, Salt Pond is a well-stratified lake with an H2S-rich hypolimnion harboring a dense population of anaerobic phototrophic bacteria. DMS concentration profiles in the pond showed 10 to 60 nM DMS in the epilimnion and only <2 nM in the hypolimnion (30, 31) . We postulated that some of the anaerobic phototrophic bacteria metabolize not only H2S but also DMS. Initial experiments with enrichment cultures obtained from both Great Sippewissett Marsh and Salt Pond confirmed our assumption (31) . We now describe the conditions, rates, and products of this metabolism and demonstrate that anaerobic phototrophic bacteria can utilize DMS as an electron source.
MATERIALS AND METHODS
Chemicals. DMS, CH3SH, dimethyl sulfone (DMSO2), and 2-bromoethanesulfonic acid sodium salt were obtained from Fluka AG (Buchs, Switzerland), Na2S 9H20 and DMSO were from Merck AG (Darmstadt, Federal Republic of Germany), and CH4 and N2/CO2 (90:10, vol/vol) were from Pan Gas (Lucerne, Switzerland).
Organisms. Soil and sand samples containing a dense population of phototrophic purple bacteria a few millimeters below the surface were collected from Sippewissett Marsh (15, 25) . Water samples containing phototrophic green and purple bacteria were collected at a depth of 3 to 5 m from Salt Pond (30, 31 (14) . In the presence of interfering chemicals such as sulfide, proteins were precipitated with sodium deoxycholate and trichloroacetic acid (8) I Cultures of the 10th transfer series were used for the DMSO determination. Samples with known concentrations of DMSO were also analyzed and used to calculate the DMSO concentrations in the unknown samples.
c Gas chromatography performed before the DMSO assay showed that this culture also contained some residual DMS.
d Medium: Basal medium plus 2 mM acetate, 2 mM H2S, and 5 mM DMS.
The dependence of DMS consumption on light intensity, acetate, and H2S concentrations was subsequently examined in more detail, since these factors generally dominate growth and metabolism of the anaerobic phototrophic bacteria (26, 28, 29 (Fig. 1) . In the dark and in full daylight, growth and DMS turnover were significantly inhibited, demonstrating that phototrophic purple bacteria, which usually exhibit optimal growth under dim light conditions (26, 28) , are involved in this metabolism. A protein concentration of 60 to 90 ,ug ml-', which was even detected in cultures incubated in the dark or in full daylight, may have been due to chemotrophic growth on acetate. A light intensity of 7 to 12 microeinsteins m-2 s-1 was successfully used in this study to select for DMS-converting phototrophic organisms. Figure 1 shows, however, that the enriched phototrophic cultures had their optimum growth at much greater light intensities. Similarly, Veldhuis and van Gemerden (29) reported that low light intensities favored the development of blooms of anaerobic phototrophic bacteria in an anaerobic lake, but that pure isolates from this habitat showed optimum growth at rather high light intensities.
Influence of H2S and acetate concentration on DMS turnover rates. Cultures containing acetate grew well and metabolized DMS rapidly. An increased concentration of H2S, however, had only a moderate effect on DMS metabolism (Table 1) . To evaluate whether the observed variations in DMS consumption reflected only differences in the amount of biomass or individual effects of H2S or acetate, rate constants of DMS turnover were determined. Cultures supplemented with 5 mM DMS and varying amounts of acetate and H2S were incubated, and concentrations of biomass (as protein) and DMS were measured daily. After 7 days, the protein content reached 60 to 90% of its final value, while the DMS concentration decreased following a logarithmic or logistic curve. A pseudo-first-order rate constant (considering DMS concentration versus time only) and a second-order rate constant (also considering the biomass of the cultures) were calculated for each culture ( Table 2 ). The pseudo-first- Figure 2 demonstrates that the level of this plateau depended on not only the supplements of H2S and acetate, but also the concentration of DMS initially added. The average yields of protein per 1 mM substrate were calculated to be 18 ug ml-' for H2S, 22 ,ug ml-' for acetate, and 6 ,ug ml-' for DMS. The data suggested that DMS supported growth of the phototrophic purple bacteria; however, an identification of the transformation products of DMS is required to determine whether DMS was used directly as an electron source or whether it was first degraded to H2S by methanogenes (19) and thus supported growth indirectly.
Products of DMS metabolism. The enrichment cultures listed in Table 1 were periodically assayed for possible DMS transformation products. CH3SH and DMDS were never detected in the culture headspace, and the H2S concentration decreased rapidly after inoculation. Although these three compounds have been reported to be products of microbial DMS metabolism (12, 19, 38) , they are apparently not end products of DMS conversion mediated by the enrichment cultures. Methane, however, was detected in cultures supplemented with H2S and DMS ( Table 3 ). The total amount of CH4 accumulated depended on the initial concentration of DMS, and no CH4 was found in cultures incubated in the absence of DMS (Table 3 ) or in the presence of acetate (data not shown). We therefore expected CH4 to be a product of the metabolism of DMS. Experiments conducted to clarify the role of CH4, however, subsequently revealed that CH4 was not a direct metabolite of DMS. The following findings led to this conclusion. (i) DMS metabolism generally began in all media listed in Table 3 within a few days of inoculation, and >20% of DMS was consumed after 10 days. CH4 production, however, only started after about 10 days. (ii) Even in cultures that converted 10 mM DMS, the total amount of CH4 produced did not exceed 1.08 mM (Table 3) . A stoichiometric liberation of CH4 is, therefore, unlikely. (iii) Addition of 10 mM 2-bromoethanesulfonic acid sodium salt, a known inhibitor of methanogenesis (34), did not affect DMS metabolism in any of the cultures but stopped all CH4 evolution. Such an uncoupling of DMS consumption and CH4 formation suggests that CH4 is not a direct metabolite of DMS. (iv) Calculation of electron and protein balances (see Discussion) suggest that two electrons are liberated per molecule of DMS and, consequently, DMSO, the oxidized species, rather than CH4, the reduced species, was likely to be the major metabolite of DMS. Determination of DMSO in enrichment cultures. A 1H-NMR analysis of a DMS-degrading culture clearly demonstrated the presence of DMSO (Fig. 3) . The culture sample showed a distinct signal at 2.74 ppm relative to TSP (Fig.  3A) . A sample supplemented with additional DMSO had a signal at the same position but with a higher intensity (Fig.  3B) . Addition of DMS02 yielded a signal at 3.15 ppm relative to TSP (Fig. 3C) , and since this signal was not detected in the culture sample, DMS02 is unlikely to be a metabolite of DMS. The chemical shifts of DMSO and DMS02 determined in distilled water-D20 were 2.71 and 3.13 ppm, respectively. (Table 4) . Strain A, which was tentatively identified as a Thiocystis sp., grew well on basal medium supplemented with 2 mM H2S and 2 mM acetate and completely metabolized 5 mM DMS within 20 days. On basal medium supplemented with only 1 mM H2S, however, growth of strain A was poor and DMS elimination was incomplete. Strain B transformed DMS only partially and strain C was inactive towards DMS on both media.
To evaluate whether DMS supported growth of strain A, this organism was incubated in the presence of different concentrations of DMS and the biomass was determined after the stationary growth phase was reached (Table 5) . More biomass was produced with increasing initial concentration of DMS. The average yield of protein per 1 mM DMS was calculated to be about 5 p.g ml-', which is in good agreement with the value previously determined in the (28) .
b The protein yields previously determined ( Fig. 2 and Table 5 ) were converted to biomass (expressed as CH2O) with the assumption that the organisms contain 50% protein.
c This reaction consumes rather than liberates electrons and is, therefore, unlikely to support growth of phototrophic purple bacteria.
enrichment cultures (Fig. 2) . The DMS oxidized by strain A was quantitatively recovered as DMSO (Table 5 ), which suggests that DMS supported growth of strain A by serving as an electron source for photosynthesis. DISCUSSION The basal medium used in this work was supplemented with H2S, acetate, and DMS. Assuming that the phototrophic purple bacteria can oxidize these substrates and use the liberated electrons to reduce CO2 to biomass (expressed as CH2O [28] ), an electron balance may be calculated (Table  6 ). Phototrophic purple bacteria are known to oxidize H2S to S0 or even to S042- (22, 26, 28) , thereby liberating 2 to 8 electrons depending on the final oxidized species. This results in a theoretical biomass production of 0.5 to 2.0 mM CH2O (28) . The observed concentration of biomass amounted to 1.3 mM CH2O, which suggests that part of the H2S is oxidized to SO and part is oxidized to s042-. For acetate, the theoretical and observed concentrations of biomass were also comparable (Table 6 ). We are aware that part of the acetate was probably converted directly to biomass, although this would not affect the electron balance presented in Table 6 . Theoretically, DMS may be converted to various metabolites, ranging from fully reduced species (H2S and CH4) to fully oxidized species (SO42-and CO2).
Only the oxidation of DMS to DMSO, which liberates two electrons, however, is in agreement with the observed concentration of biomass (Table 6 ). These calculations, in addition to the analytical data, strongly suggest that DMS served as an electron donor for the phototrophic purple bacteria.
Enrichment cultures supplemented with H2S and high concentrations of DMS only, but without acetate, exhibited a low capacity for DMS metabolism (Table 1) , a high evolution of CH4 (Table 3) , and a low yield of biomass (Fig.  2) . The culture supplemented with 2 mM H2S and 10 mM DMS, in particular, almost completely terminated its metabolism of DMS after 2 weeks and evolved up to 1 mM CH4.
The yield of biomass in this culture was about 30% below the expected value. Calculations of second-order rate constants confirmed that the H2S interfered with DMS turnover. This may be due to a competitive inhibition at an enzymatic level or perhaps to an alteration in the mixed culture composition (i.e., an H2S-induced selection of organisms unable to metabolize DMS). The species composition of anaerobic phototrophic cultures is known to be influenced by the concentrations of H2S and acetate (22, 26, 29) , and a variation in the absorption spectra of the cultures depending on the medium composition was also detected in this study. Although the mechanism of the H2S interaction reported in this paper is presently unknown, the observed effects (poor DMS conversion, evolution of CH4, and low yield of biomass) may well have a common explanation. Electrons liberated during the oxidation of H2S, DMS, or previously produced biomass (<2 weeks of incubation) may no longer be used to support light-dependent autotrophic growth but, rather, be consumed in the reduction of CO2 to CH4 and of DMSO to DMS. The electron-accepting function of DMSO under anaerobic conditions is well established (9, 35, 37) , and such a continuous recycling of DMSO to DMS would explain the low apparent net DMS elimination rate in certain cultures. We are currently investigating whether or not such a sulfur cycle involving DMS and DMSO is active in some of the enrichment cultures.
The number of anaerobic phototrophic bacteria in the hypolimnion of Salt Pond is about an order of magnitude lower than in our enrichment cultures (31) . In addition, only a small fraction of the bacterial population in the pond may be capable of oxidizing DMS. The high turnover rates reported in this paper, however, suggest that even a limited number of organisms may easily be able to keep the DMS concentration in the anaerobic hypolimnion of Salt Pond very low by converting it to DMSO. It is noteworthy to mention that the DMSO concentration in the hypolimnion of Salt Pond exceeds the DMS concentration (31) . It remains to be investigated whether or not the oxidation of DMS by anaerobic phototrophic bacteria is a major source of DMSO detected in many aquatic habitats (1, 31) .
